Liposarcoma (LPS) can be divided into 4 different subtypes, of which well-differentiated LPS (WDLPS) and dedifferentiated LPS (DDLPS) are the most common. WDLPS is typically low grade, whereas DDLPS is high grade, aggressive, and carries a worse prognosis. WDLPS and DDLPS frequently co-occur in patients. However, it is not clear whether DDLPS arises independently from WDLPS, or whether epigenomic alterations underly the histopathological differences of these subtypes. Here, we profiled 9 epigenetic marks in tumor samples from 151 patients with LPS and showed elevated trimethylation of histone H3 at Lys9 (H3K9me3) levels in DDLPS tumors. Integrated ChIP-seq and gene expression analyses of patient-derived cell lines revealed that H3K9me3 mediates differential regulation of genes involved in cellular differentiation and migration. Among these, Kruppel-like factor 6 (KLF6) was reduced in DDLPS, with increased H3K9me3 at associated regulatory regions. Pharmacologic inhibition of H3K9me3 with chaetocin decreased DDLPS proliferation and increased expression of the adipogenesis-associated factors PPARg, CEBPa, and CEBPb, suggesting that increased H3K9me3 may mediate DDLPS-associated aggressiveness and dedifferentiation properties. KLF6 overexpression partially phenocopied chaetocin treatment in DDLPS cells and induced phenotypic changes that were consistent with adipocytic differentiation, suggesting that the effects of increased H3K9me3 may be mediated through KLF6. In conclusion, we provide evidence of an epigenetic basis for the transition between WDLPS and DDLPS.
Introduction
Liposarcoma (LPS) is one of the most common subtypes of soft tissue sarcoma, accounting for 24% of extremity and 45% of retroperitoneal soft tissue sarcomas (1) . There are 4 recognized LPS subtypes, with well differentiated (WD) and dedifferentiated (DD) histologies being the most common. Whereas WDLPS are low-grade tumors that typically have a more indolent course, DDLPS are high-grade, aggressive tumors with a systemic metastatic rate of 5% to 20% (1) and a considerably worse patient prognosis (2) . Surgical excision remains the standard of care for localized disease, as these tumors are largely resistant to conventional cytotoxic therapies. Nevertheless, 58% to 80% of patients with DDLPS of the retroperitoneum will succumb to locally recurrent or metastatic disease within 5 years (3). Thus, gaining a better understanding of the pathogenesis of WDLPS and DDLPS is a critical first step toward the development of effective targeted therapies to improve outcomes in patients with this disease.
Currently, the pathogenesis of WDLPS and DDLPS is poorly understood. Whether DDLPS arises from WDLPS or independently is unknown. WDLPS and DDLPS often occur synchronously or metachronously in patients and show similar cytogenetic features (4) . Both are characterized by amplification of chromosome 12q14-15, the best-studied molecular aberration in LPS (2, (5) (6) (7) , which results in amplification of the MDM2 gene (located at 12q15) in 100% of cases and CDK4 in 90% of cases (5) . Amplification of 12q14-15 is associated with decreased apoptosis and increased cell proliferation, which is thought to be mediated by dysregulation of the p53 pathway and the Rb-E2F cell cycle checkpoint. Currently, MDM2 and CDK4 are being targeted by small-molecule inhibitors (RG 7112, flavoperidol, PD0332991) which have shown promising activity in a small number of preclinical and phase I and II clinical studies (7) (8) (9) (10) (11) . In the past decade, several groups have also undertaken gene expression profiling, DNA copy number profiling, whole-exome sequencing, miR profiling, and RNA sequencing approaches toward expanding our understanding of LPS pathogenesis (3, (12) (13) (14) (15) . These efforts have implicated a number of miRs (miRs 143, 155, and 193b), which constitute a mechanism of epigenetic gene regulation, and potential downstream pathways as being involved in liposarcomagenesis (3, 13, 15) .
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tone marks (H3K4me3, H3K27Ac, H3K36me2, H3K79me3, H3K9me3, H3K20me3, and H3K27me3) and 2 DNA methylation marks (5-methylcytosine, 5mC and 5-hydroxymethylcytosine, 5hmC) known to be important in the regulation of gene expression (16, 17, 19, 20) . Of these, H3K9me3, H3K20me3, H3K27me3, and 5mC are associated with gene repression, whereas H3K4me3, H3K27Ac, H3K36me2, and H3K79me3 are associated with gene activation. In particular, H3K4me3 marks active promoters, H3K27Ac marks active enhancers, and H3K36me2 and H3K79me3 mark transcribed genes (16, 17, 19, 20) . Optimal dilutions for immunohistochemical studies using Encyclopedia of DNA Elements-validated (ENCODE-validated) antibodies against these marks were first determined (data not shown). For each of these 9 antibodies, we performed immunohistochemical analysis of a tissue microarray (TMA) containing WDLPS and DDLPS tumors surgically resected from 151 unique patients (Supplemental Figure 1 ; supplemental material available online with this article; doi:10.1172/JCI77976DS1). TMA cores were scored by assigning a mean stain intensity score (0 = negative, 1 = low, 2 = intermediate, 3 = high) (Supplemental Figure 2 ) as well as a percentage of tumor cells stained (0%-100%).
rations associated with the promoters of CEBPA and miR-193b in a subset of DDLPS tumors profiled. However, a comprehensive understanding of the different epigenetic modifications that occur has been lacking. An unbiased and systematic approach is needed to examine epigenetic modifications and their contribution to liposarcomagenesis, specifically DDLPS. In this study, we explored the epigenomic differences between WDLPS and DDLPS in cell-based systems and human tumor samples using unbiased approaches. We identified and validated Kruppel-like factor 6 (KLF6) as an H3K9me3-controlled and differentially expressed transcription factor serving a previously unappreciated tumor-suppressor role in LPS. Mechanistically, KLF6 may drive adipocytic differentiation through increased expression of known regulators of adipogenesis including PPARγ, thereby leading to the observed phenotypic changes associated with cellular differentiation and senescence.
Results

H3K9me3 is differentially marked in WDLPS and DDLPS tumors.
To gain insight into the role of epigenetic regulation during liposarcomagenesis, we examined the global levels of 7 his- Each core was additionally assigned a multiplier score derived by multiplying its mean stain intensity score and the percentage of tumor cells stained.
We found statistically significant associations between LPS histology and some of the chromatin marks investigated. DDLPS were associated with higher levels of the established repressive mark H3K9me3, higher levels of the active enhancer mark H3K27Ac, and lower levels of H3K79me3 and 5hmC, an intermediate associated with DNA demethylation (Table 1) . That H3K9me3 and DNA methylation marks appeared to be coordinately differentially expressed among WDLPS and DDLPS tumors is consistent with the known crosstalk between DNA methylation and H3K9me3 histone modification pathways. Although DNA clustering of the 7 cell lines ( Figure 1A ). Despite the expected heterogeneity observed among the 7 cell lines, cell lines derived from DDLPS tumors and those derived from WDLPS tumors clustered together, reinforcing the notion that global patterns of epigenomic marks are different between WDLPS and DDLPS. To identify regions of differential H3K9 methylation, we focused on WDLPS cell lines 247b and 029b and DDLPS cell lines 224a and 224b, as these cell lines showed the strongest intrasubtype correlation ( Figure 1A ). We identified 243 regions enriched for H3K9me3 in DDLPS samples compared with WDLPS samples (Supplemental Figure 4B ) and 17 regions enriched in human WDLPS and DDLPS tumors (Supplemental Materials and Methods), independent of those represented on the TMA (Supplemental Figure 3 ), we performed ChIP, followed by deep sequencing (ChIP-seq), using the ENCODE-validated H3K9me3 antibody to define genomic loci with enrichment of H3K9me3 in each cell line. The total number of reads per cell line sequenced ranged between 18 and 22 million (Supplemental Figure 4A) . Enrichment analysis showed that cell lines contained between 434 and 2,075 sites that are significantly enriched in the 7 cell line-derived samples compared with the corresponding whole-cell extract DNA (input). Using these identified regions, we performed unsupervised hierarchical were super-enhancer regions. Together, these data suggest that H3K9me3 may regulate aggressiveness in LPS and block the maintenance of normal adipocytic differentiation through its effect on key genes that control cell state and identity as well as associated regulatory elements such as super-enhancers. Next, to gain insight into the differentiation pathways that differ between WDLPS and DDLPS, we performed transcriptome profiling of WDLPS and DDLPS cell lines using the Affymetrix U133A GeneChip array and identified 7,694 differentially expressed genes (FDR <0.05) (Supplemental Figure 5 and Supplemental Table 2 ). Of these, 3516 genes were downregulated in DDLPS cell lines compared with WDLPS cell lines, while 4,180 genes were upregulated in DDLPS cell lines compared with WDLPS cell lines. We next performed GSEA of differentially expressed genes in DDLPS cell lines compared with WDLPS cell lines using HOMER (24) . Of interest, genes related to a number of gene sets pertaining to cellular differentiation, lipid metabolism, epigenetic enzyme targets, metastasis, cell cycle, and miRs were differentially expressed between DDLPS and WDLPS cell lines (Supplemental Tables 3 and 4) . Figure 4C ). Accordingly, a heatmap plot showed signal differences in H3K9me3 at the identified genomic regions ( Figure 1B ). Similarly, we generated aggregate plots to visualize cell line-specific H3K9me3 enrichment across the aforementioned genomic loci in Figure 1B In order to understand the functional relevance of differential H3K9me3 enrichment at specific observed regions between DDLPS and WDLPS cell lines, we performed gene set enrichment analysis (GSEA) using the Genomic Regions Enrichment of Annotations Tool (GREAT) (22) . The top gene ontology (GO) terms thus identified revealed pathways involved in cellular differentiation and migration ( Figure 1C and Supplemental Table 1 ). We also integrated our H3K9me3 ChIP-seq data set with locations of adipocyte super-enhancer domains (H3K27Ac ChIP-seq data from Young et al., ref. 23 ) and found notable overlap between regions of increased H3K9me3 enrichment in DDLPS cell lines relative to WDLPS cell lines (n = 243) and adipocyte-associated enhancers and super-enhancer regions (n = 52). Of these 52 regions, 13 We hypothesized that a transition from WDLPS to DDLPS might involve reversal of the normal differentiation process from preadipocytes to adipocytes. To test this hypothesis, we compared differentially expressed genes in our LPS cell line samples with those in preadipocytes and adipocytes (gene expression data from Mikkelsen et al., ref. 25) . Indeed, we noted significant overlap between these 2 data sets (P value < 10 -5 ). Among 3,516 downregulated genes in DDLPS cell lines and 1,129 downregulated genes in preadipocytes, 580 genes were common to both data sets ( Figure  2A) . Similarly, among 4,180 upregulated genes in DDLPS cell lines and 1,100 upregulated genes in preadipocytes, 454 genes were common to both data sets ( Figure 2C ). GSEA of these commonly differentially expressed genes (580 commonly downregulated and 454 commonly upregulated genes in DDLPS cell lines and preadipocytes compared with WDLPS cell lines and adipocytes, respectively) again highlighted pathways involved in cellular differentiation, epigenetic enzyme targets, lipid metabolism, metastasis, and cell cycle (Figure 2 , B and D, and Supplemental Tables 5 and 6 ). These data suggest that sarcoma cells may partially utilize genes similar to those used during normal differentiation processes.
WDLPS samples compared with DDLPS samples (Supplemental
KLF6 is a tumor suppressor that induces adipocytic differentiation and cellular senescence in DDLPS. Next, to understand the contribution of H3K9me3 changes to gene expression, we intersected the H3K9me3 ChIP-seq and expression microarray data sets. Of in Figure 4A (and Supplemental Figure 7A ), KLF6 was significantly underexpressed in DDLPS tumors compared with expression levels detected in WDLPS tumors (P < 0.001) and normal fat (P = 0.008), while the dominant-negative isoform KLF6-sv1 was not overexpressed in DDLPS tumors compared with WDLPS tumors (Supplemental Figure 7B) . Correspondingly, Western blot analysis of the same WDLPS and DDLPS tumors and normal fat specimens showed that KLF6 was significantly underexpressed in DDLPS tumors compared with WDLPS tumors (P < 0.001) and normal fat ( Figure 4B and Supplemental Figure 8C ). Relative median and mean KLF6 protein levels (expressed as band intensity normalized to the sample T25 signal) were 2.39 and 33.50 in normal fat samples, 0.65 and 6.99 in DDLPS tumors, and 11.15 and 31.44 in WDLPS tumors.
To exclude genomic copy number alterations accounting for differential expression of KLF6, we determined the copy numbers of KLF6 in genomic DNA extracted from WD and DD sarcoma cell lines and LPS tumors by qPCR. Among the cell lines, there was no significant difference in relative KLF6 copy numbers between DDLPS and WDLPS cell lines ( Figure 4C ). While median KLF6 copy numbers in normal fat samples relative to those in WDLPS tumors and DDLPS tumors showed no statistically significant difference ( Figure 4D ), a slight increase in relative copy numbers between WDLPS and DDLPS tumors was observed (2.04 vs. 2.46, P = 0.012), although we do not believe that this difference alone could account for the marked differences in KLF6 protein expression levels, both between the 2 histologic tumor types and within a given tissue or tumor type (Supplemental Figure 8) .
To ascertain whether gene mutation might contribute to differential KLF6 expression, we performed whole-exome sequencing and mutational analysis of genomic DNA extracted from normal fat (n = 2) and WDLPS (n = 14) and DDLPS (n = 19) tumor specimens. No truncating mutations were identified that would account for differences in KLF6 expression between DDLPS and WDLPS tumors (data not shown). Taken together, these data suggest that KLF6 expression is suppressed in DDLPS samples (compared with WDLPS) by higher levels of H3K9me3 in cis-regulatory regions.
To assess the LPS-relevant activities of KLF6, we generated 3 stable DDLPS cell lines (DDLPS 224a, DDLPS 224b, and DDLPS 246) overexpressing KLF6 ( Figure 5A and Supplemental Figure 9A ). DDLPS cells overexpressing KLF6 exhibited decreased proliferation rates ( Figure 5B and Supplemental Figure 9B ) and decreased invasiveness in vitro ( Figure 5C and Supplemental Figure 9 , C-F). Consistent with these results from in vitro assays, DDLPS 246 cells overexpressing KLF6 formed tumors with significantly longer latency in nude mice (Figure 5D) . Further, KLF6-overexpressing cells also appeared to undergo morphological and phenotypic changes consistent with cellular senescence ( Figure 5E and Supplemental Figure 9G ) and suggestive of adipocytic differentiation, exhibiting increased size with accumulation of cytosolic lipid droplets detected by oil red O staining ( Figure 5F ). Molecularly, this phenotypic change is associated with increased expression of PPARG, the "master regulator" of adipogenesis, as well as of genes encoding the proadipogenic transcription factors CEBPα and CEBPβ ( Figure 5G and Supplemental Figure 9H ). 243 regions with increased H3K9me3 enrichment in DDLPS cells relative to WDLPS cells, 121 regions were within 25 kb of 145 genes. Of these genes, 10 were differentially downregulated in DDLPS cells ( Figure 3A) . Similarly, of 17 regions with decreased H3K9me3 enrichment in DDLPS cells compared with WDLPS cells, 11 regions were within 25 kb of 16 genes. Of these genes, 5 were differentially upregulated in DDLPS cells ( Figure 3B) .
Among the 10 genes (KLF6, TBC1D1, DUSP1, FRMD6, AMOTL2, HAL, PPP4R1, MTHFS, GTPBP4, and CAB39) with H3K9me3 enrichment and expression downregulation in DDLPS cells compared with WDLPS cells, KLF6 stood out as one with a known tumor-suppressor role in cancers (26) implicated in processes including adipogenesis, cell migration, metastasis, cell cycle regulation, and apoptosis. While the full-length form of KLF6 (KLF6-wt) functions as a tumor suppressor, KLF6 splice variant 1 (KLF6-sv1) is an oncogenic splice variant that functions in a dominant-negative fashion and has been shown to be overexpressed across multiple human malignancies, including glioblastoma, prostate, liver, pancreatic, lung, ovarian, and breast cancers (27) (28) (29) (30) (31) (32) . Given the evidence from the above-cited literature and our observation of enriched H3K9me3 at the regulatory region of KLF6, with associated underexpression in DDLPS cell lines compared with WDLPS cell lines (Figure 3 , C and D, and Supplemental Figure 6 , A and B), we selected KLF6 for further studies to elucidate its role(s) in LPS.
To first reinforce the relevance of KLF6 in human LPS, we assessed expression levels of KLF6 in an independent set of samples that were surgically resected WDLPS (n = 14) and DDLPS (n = 18) tumors as well as normal fat (n = 8). Here, we measured expression levels of total KLF6, KLF6-wt, and KLF6-sv1 by quantitative RT-PCR (qRT-PCR) using transcript-specific primers. As shown chaetocin-treated cells harbored similar levels of CEBPA and PPARG ( Figure 6, F-H ). These data demonstrate that the effect of chaetocin on the proliferation and expression of differentiation regulators is in part dependent on KLF6, consistent with a causative role for KLF6 and the observed differences in H3K9me3 levels between DDLPS and WDLPS cells.
Discussion
In this study, a systematic global analysis of 9 epigenetic modifications in WDLPS and DDLPS tumors from patients identified H3K9me3 as a chromatin mark that is differentially enriched between the 2 types of LPS. Integrated epigenomic and transcriptomic analyses revealed a repressive chromatin signature at the KLF6 locus that resulted in downregulation of KLF6 expression in DDLPS tumor cells ( Figure 6I ). Clinicopathological validation confirmed that KLF6 is underexpressed in tumors from patients with DDLPS relative to normal fat and WDLPS tumors. Functional validation confirmed tumor-suppressive activity of KLF6 in senescence and differentiation, in part through known regulators of adipogenesis such as PPARG. Pharmacologic inhibition of H3K9me3 marked in DDLPS cell line models resulted in a decrease in the repressive mark H3K9me3 at the KLF6 locus and coordinated upregulation of KLF6 expression. Taken together, we conclude that higher levels of H3K9me3 are associated with an aggressive dedifferentiated type of LPS and in part function by epigenetically silencing KLF6, a previously unknown tumor suppressor in LPS. We believe that our results provide new insights into liposarcomagenesis and suggest that the transition between WD and DD LPS subtypes might involve already existing networks utilized during normal adipocytic differentiation. Recent studies have established the role of PPARγ as a master regulator of adipogenesis (34) . Genome-wide binding profiles of PPARγ have revealed a number of binding sites and shown that it binds to different sites in different cell types and hence plays important roles in lineage determination. Many PPARγ-bound sites are located far from proximal promoters, and some of these sites overlap with super-enhancers -defined as large clusters of transcriptional enhancers that drive expression of cell identity-determining genes. PPARγ-bound super-enhancers loop not only to the nearest promoter but also to distant promoters to activate transcriptional programs downstream in the PPARγ-regulatory network (23, 35) . Interestingly, one of the KLF6-associated regulatory regions showing differential H3K9me3 levels in WDLPS and DDLPS is located within a region previously characterized as an adiposeassociated super-enhancer (23) . Moreover, acquisition of a differentiated molecular phenotype upon chaetocin treatment in DDLPS cells is associated with loss of the H3K9me3 mark at this region. It may be speculated that H3K9me3 loss opens up the chromatin at certain super-enhancer regions, thereby helping with proadipogenic transcriptional reprogramming.
Although it is formally possible that relative changes in H3K9me3 levels between WDLPS and DDLPS cells are part of a differentiation program, our studies showing that chaetocin treatment diminishes the proliferative abilities of DDLPS cells and results in upregulation of differentiation regulators and that KLF6 knockdown abrogates the effects of chaetocin treatment suggest that KLF6 is a major downstream effector of differential Taken together, these data suggest that KLF6 is a novel tumor suppressor in LPS that functions to inhibit cellular proliferation and invasion and drive senescence and differentiation through the regulation of master regulators of adipogenesis.
Pharmacologic inhibition of the H3K9me3 mark in DDLPS cell lines blocks proliferation and drives adipogenic differentiation.
To test the functional role of H3K9me3 marks in DDLPS, we used a pharmacologic strategy to inhibit H3K9me3 in DDLPS and assayed the resulting impact on cellular phenotypes and KLF6 expression. Chaetocin is a reported inhibitor of SUV39H1, the histone lysine methyltransferase responsible for H3K9 trimethylation, with an IC 50 of 0.8 μM (33). We treated DDLPS cell lines with vehicle control or increasing concentrations of chaetocin and assessed the impact on cell survival and proliferation. Across DDLPS cell lines (DDLPS 246, 224a, and 224b), we found that chaetocin inhibited cellular proliferation ( Figure 6A and Supplemental Figure 10A) , with an IC 50 of approximately 30 to 40 nM (Supplemental Figure  11) . Interestingly, the sensitivity of DDLPS cell lines to chaetocin and the global increase in H3K9me3 in DDLPS tumors compared with WDLPS tumors seen by IHC (Table 1) were not attributable to SUV39H1 expression at the transcriptional level, as no differential expression in mRNA levels was observed in either LPS cell lines or tumors (Supplemental Figure 12, A and B) . Moreover, normal fat and DDLPS and WDLPS tumors harbored similar levels of other known H3K9 methyltransferases and demethylases, except for KDM4A, which had intriguingly higher expression levels in DDLPS tumors (that also bore higher levels of H3K9me3) (Supplemental Figure 12 , C-K).
Next, to test whether the growth inhibitory effect of chaetocin treatment on DDLPS cell lines was associated with changes in H3K9me3 and KLF6 expression levels, we profiled global H3K9me3 levels and KLF6 expression in DDLPS cells upon treatment with chaetocin at 30 nM. As shown in Figure 6 , growth inhibition by chaetocin treatment was accompanied by decreased H3K9me3 levels and a specific increase in KLF6 mRNA expression levels ( Figure 6 , B and C, and Supplemental Figure 10 , B and C). To confirm that this change in global H3K9me3 levels upon chaetocin treatment (30 nM, 24 h) was indeed regulating KLF6 expression, we performed an orthogonal ChIP-qPCR assay for H3K9me3 at the previously identified KLF6-associated regulatory region ( Figure 3C and Supplemental Figure 6A ). Indeed, we found that there was a significant decrease in H3K9me3 at this region in DDLPS cells treated with chaetocin ( Figure 6D and Supplemental Figure 10D ). Importantly, this decrease in H3K9me3 at the KLF6-associated regulatory region and the consequent increase in KLF6 expression upon chaetocin treatment were associated with significant increases in mRNA expression levels of the known adipogenesis regulators PPARG, CEBPA, and CEBPB ( Figure 6E and Supplemental Figure 10E) .
Finally, to determine whether KLF6 is a functional intermediary of chaetocin-mediated phenotypic and molecular changes, we knocked down KLF6 in DDLPS 224a cells and tested the effect of chaetocin on the proliferation and expression levels of differentiation regulators. Indeed, cells harboring shKLF6 were refractory to the effect of chaetocin; in other words, no significant difference was observed between the control and chaetocin-treated cells upon KLF6 knock down. Similarly, vehicle-and jci.org Volume 125 Number 8 August 2015
and blocked overnight at 4°C in goat serum. After incubation with a primary antibody for 1 hour at 37°C, a secondary antibody was applied for 30 minutes at 37°C. The slides were then washed, incubated in VECTASTAIN Elite ABC reagent (Vector Laboratories), and developed using DAB reagent (Vector Laboratories). The slides were then dehydrated and the coverslips mounted. Immunohistochemical stains of TMA slides were interpreted by soft tissue and bone pathologists (G.A. Al Sannaa and A.J. Lazar), who scored the mean stain intensity (0 = negative, 1 = low, 2 = intermediate, 3 = high) and percentage of tumor cells stained (0%-100%). For each core, the mean stain intensity score and percentage of tumor stained score were multiplied to derive a multiplier score. To test whether epigenetic marker expression differed between LPS histologies, we used the Kruskal-Wallis test, a nonparametric multigroup comparisons test. Statistical analyses were performed using IBM SPSS Statistics 19.
ChIP. ChIP was performed as described earlier (41) . Cells (5 million per antibody) were cross-linked using 1% paraformaldehyde for 10 minutes at 37°C. Reactions were quenched by 0.125 M glycine for 5 minutes. Cells were then washed with PBS and stored at -80°C. Cells were thawed on ice the next day and lysed with radioimmunoprecipitation assay (RIPA) buffer (10 mM Tris-HCl pH 8.0, 1 mM EDTA, pH 8.0, 140 mM NaCl, 1% Triton X-100, 0.2% SDS, 0.1% deoxycholic acid (DOC) for 10 minutes on ice. Sonication was performed using the Branson Sonifier 250 to achieve a DNA shear length of 200 to 500 bp. Extracts were then incubated overnight with their respective antibody-Dynabead (Life Technologies) mixture (previously incubated together for 1 hour at 4°C [Rabbit IgG and H3K9me3, both from Abcam]). Immune complexes were then washed 3 times with RIPA buffer, once with RIPA-500 (RIPA with 500 mM NaCl), and once with LiCl wash buffer (10 mM Tris-HCl, pH 8.0, 1 mM EDTA, pH 8.0, 250 mM LiCl, 0.5% NP-40, 0.5% DOC). Elution and de-cross-linking were performed in direct elution buffer (10 mM Tris-Cl, pH 8.0, 5 mM EDTA, 300 mM NaCl, 0.5% SDS) by incubating immune complexes at 65°C for 4 to 16 hours. Treatment with proteinase K (20 mg/ ml) and RNaseA was performed and DNA cleaned up using AMPure beads (Beckman-Coulter).
Next-generation sequencing. Sequencing library preparation was performed using New England BioLabs reagents as described earlier (41) . Sequencing was performed using the HiSeq 2000 system (Illumina). Bowtie (version 1.0.0; SourceForge) (42) was used to align H3K9Me3 ChIP-seq reads to the human genome assembly NCBI Build 37 (UCSC hg19) with the following parameters: -n 1 -m 1 --best-strata (uniquely mapped reads with 1 mismatch were retained). We first performed peak calling on individual samples, taking into consideration the respective input controls. Enriched regions were detected by Scripture package (43) with varying window sizes (750; 1,500; 5,000) and peaks were called (P < 0.05) (41) . Collapsed repeat regions in the human genome (44) and "ultra-high signal suspect regions" identified by the ENCODE project (45) (http://hgdownload.cse.ucsc.edu/ goldenPath/hg19/encodeDCC/wgEncodeMapability/wgEncodeDacMapabilityConsensusExcludable.bed.gz) were masked during the peak calling procedure. Called regions were merged with BEDTools (46) . Intervals with a length of less than 350 bp and enriched regions in whole-cell extract samples were excluded from the final list. We then examined for regions specifically enriched in WD samples and not enriched in DD samples, and vice versa. Functional annotation of specific H3K9me3 regions was investigated by using the GREAT H3K9me3 levels. Our data in the context of the aforementioned studies strongly argue for a role of KLF6 in regulating and maintaining adipocytic differentiation in WDLPS (relative to DDLPS) and suggest that H3K9me3-mediated repression of KLF6 results in a failure to maintain normal adipocytic differentiation during DD liposarcomagenesis. It is interesting to note that KLF6 levels in WDLPS tumors were not only higher than those in DDLPS tumors but also than those in normal fat, an observation that should be further investigated. KLF6 is a transcription factor belonging to the family of Kruppel-like zinc finger transcription factors that has been implicated in a number of processes including adipogenesis, cell motility/invasion, cell cycle regulation, and apoptosis (26) . KLF6 is upregulated during the differentiation process from preadipocytes to adipocytes (36) and acts as a transcriptional repressor of important genes such as the proto-oncogene Deltalike 1 (DLK1), which otherwise would lead to repression of PPARγ (37) . Additional suggested mechanisms for the tumor-suppressor function of KLF6 include transactivation of p21 in a p53-independent manner (31) , reduction of cyclin D1-CDK4 complexes via interaction with cyclin D1 (38) , and inhibition of c-Jun proto-oncoprotein activities (39) . Indeed, all of these pathways are known to be dysregulated in LPS (5) .
Overall, this study highlights the value of applying epigenomic approaches as a discovery platform to identify novel targets in liposarcomagenesis and identifies H3K9me3 as an important marker associated with aggressive DDLPS. Our study warrants further evaluation of the use of H3K9me3 inhibitors as agents to reduce the aggressiveness of DDLPS. Importantly, we introduce KLF6 as a previously undescribed tumor suppressor in LPS that is differentially expressed and epigenetically regulated, at least in part, between WDLPS and DDLPS. Future studies to elucidate mechanisms by which the KLF6 locus is targeted for differential H3K9 trimethylation as well as the pathways by which KLF6 mediates its proadipocytic differentiation effects will be critically important and of great potential therapeutic importance in a cancer for which our understanding is limited and for which the only means of disease control is often repeated and highly morbid surgical resection and/or debulking of initial and recurrent tumors.
Methods
IHC.
A TMA consisting of cores derived from WDLPS and DDLPS formalin-fixed, paraffin-embedded (FFPE) tissue specimens (from 151 patients) and normal fat was constructed as previously described (13, 40) . IHC was performed using anti-H3K9me3 (1:1,000), antiH3K27Ac (1:1,000), anti-H3K20me3 (1:1,000), and anti-H3K36me2 (1:1,000) from Abcam (catalog/lot numbers ab8898/GR25650, ab4729/GR28402-1, ab9053/GR5014-1, and ab9049/GR2471-1); anti5mC (1:1,000) from Eurogentec (catalog BI-MECY-0100/100615); anti-5hmC (1:2,000) and anti-H3K4me3 (1:1,000) from Active Motif (catalogs 39769/1031001 and 39159/01609004); and antiH3K27me3 (1:1,000) and anti-H3K79me3 (1:1,000) from EMD Millipore (catalogs 07-449/2148525 and CS204342/205140). TMA slides were heated at 65% for 2 hours, deparaffinized in xylene, and rehydrated. Antigen retrieval was performed by steaming the slides in sodium citrate buffer (10 mM sodium citrate, 0.05% Tween-20, pH 6.0) at 95°C for 30 minutes and 90°C for 30 seconds. After cooling, the slides were incubated in 3% H 2 O 2 for 20 minutes, washed in PBS, jci.org Volume 125 Number 8 August 2015
Histone acid extraction. Cells in tissue culture were washed twice with ice-cold PBS and resuspended in Triton Extraction Buffer (PBS with 0.5% Triton X-100, 0.02% NaN3) containing cOmplete Protease Inhibitor Cocktail and phosSTOP tablets (Roche). Cells were lysed on ice for 10 minutes and then spun at 2,000 g for 10 minutes and the supernatant discarded. Cells were washed once in Triton extraction buffer, spun, and nuclei resuspended in 0.2N HCl and rotated overnight at 4°C for acid extraction of histones. Samples were then centrifuged at 2,000 g for 10 minutes, and the supernatant containing histone proteins was saved for protein content determination and Western blot analysis.
Western blot analysis. Western blot analysis was performed by standard methods using Invitrogen precast 4% to 12% gels. The primary antibodies used were anti-actin and anti-Flag (Sigma-Aldrich); anti-KLF6 (catalog sc-7158; Santa Cruz Biotechnology Inc.); and anti-H3 and anti-H3K9me3 (both from Abcam). The secondary antibodies used were either obtained from LI-COR Biosciences and detected using the LI-COR Odyssey imager or were HRP-conjugated secondary antibodies obtained from Sigma-Aldrich and detected by chemiluminescence. Relative KLF6 protein band intensities were quantified using ImageJ software (NIH).
Copy number variation analysis. Copy number variation (CNV) assays and data analysis were performed using the TaqMan Copy Number Assay for KLF6 (Hs01231749_cn) and 2 reference assays (catalogs 4403326 and 4403316; Life Technologies) according to the manufacturer's instructions.
Cell culture and stable transduction of LPS cell lines. LPS cell lines were cultured in DMEM containing 10% FBS and maintained in standard tissue culture conditions (5% CO 2 , 37°C). For KLF6 overexpression, KLF6 cDNA was cloned into the pCL-2x Flag destination vector using Gateway Technology (Invitrogen). pDONR-KLF6 was obtained from Thermo Scientific (ORFeome collaboration human KLF6 ORF with stop codon, accession number DQ890752). Retroviral particles were generated and packaged with the 293T cells using Lipofectamine 2000 (Invitrogen). LPS cell lines were then transduced and selected with puromycin (Life Technologies).
Drug treatment. Chaetocin (Sigma-Aldrich) was stored at -20°C as a 1-mM stock solution in DMSO and diluted to the indicated concentrations ( Figure 6 , A-H and Supplemental Figures 10 and 11 ) in cell culture media for experiments.
Proliferation, invasion, senescence, and oil red O assays. A cell proliferation assay was performed using the Incucyte instrument (Essen BioScience) and an integrated confluence algorithm as a surrogate for cell numbers. An invasion assay was performed using Boyden chambers (BD Biosciences) as previously described (6) . The invaded cells were dissolved in 10% acetic acid for 30 minutes and absorbance measured at 590 nM. Cellular senescence and β-gal activity was assayed using a senescence detection kit (catalog K320-250; BioVision). For the oil red O assay, cells were washed with PBS, fixed in 4% paraformaldehyde for 10 minutes, and washed with PBS twice prior to staining with oil red O solution for 30 minutes. Cells were washed with distilled water prior to imaging.
Statistics. Statistical analyses were performed using GraphPad Prism (GraphPad Software) and IBM SPSS Statistics 19. Data represent the mean ± SEM or SD, as indicated. Differences between the means were analyzed using the 2-tailed unpaired Student's t test or ANOVA or the Mann-Whitney U or Kruskal-Wallis test. A P value of less than 0.05 was algorithm (22) with the default association rule settings. A heatmap was drawn using the seqMINER tool (47) by dividing each H3K9me3 genomic location into 200 bins in 5-kb windows. Rank-based normalization was applied to binned results, and later, Kmeans clustering was performed for 2 clusters. Aggregate plots were generated using the NGSplot toolbox (https://code.google.com/p/ngsplot/) around identified H3K9me3 regions. Functional annotation of differentially expressed genes was ascertained using the HOMER software tool (24) .
Generation of histograms of ChIP fragments across the KLF6 locus in LPS cell lines was performed using the UCSC Genome Browser. Each track is normalized to 10 million reads, with the same track height and vertical viewing range within a given figure panel.
All data sets are publicly available in the NCBI's Gene Expression Omnibus (GEO) database (GEO GSE57754).
RNA Isolation and qRT-PCR. RNA was isolated using RNeasy and miRNeasy kits (QIAGEN). For qRT-PCR evaluation of gene expression, reverse transcription was performed to convert total RNA into single-strand cDNA using the SuperScript III system (Invitrogen, Life Technologies) prior to qPCR. SYBR label-based qPCR was performed on a Stratagene Real-Time PCR system and analyzed with the PCR system's software. GAPDH was used as an endogenous control. Primer sets were obtained from SABiosciences (QIAGEN).
KLF6 sequencing. Whole-exome sequencing of KLF6 (Ensembl Gene ID ENSG00000067082, transcript ID ENST00000497571, and mutational analysis was performed at the MD Anderson Cancer Center Sequencing and MicroArray Core Facility).
Microarray and differential gene expression analysis. Microarray experiments were performed at the MD Anderson Center's ncRNA Sequencing Core Facility using the Affymetrix HG-U133A GeneChip platform. Preadipocyte and adipocyte gene expression data were retrieved from the GEO database (GEO GSE20752) (48) . The robust multiarray average (RMA) method was used with default options (with background correction, quantile normalization, and log transformation) to normalize raw data from batches using R and Bioconductor's affy package (49) . For genes represented by multiple probes on the array, the maximum expression value was retained for further analyses. A gene was called differentially expressed if the FDR-corrected P value was less than 0.05, which was calculated using the empirical Bayes method by eBayes function in Bioconductor's limma package. All data sets are publicly available in the NCBI's GEO database (GEO GSE57754).
Preparation of whole-tumor protein extracts. The frozen tissues used in the experiments were acquired under an IRB-approved protocol and were derived from surgically resected WDLPS and DDLPS samples and normal fat tissue. In all cases, WDLPS and DDLPS histology, as initially clinically diagnosed, was confirmed by soft tissue and bone pathologists (G.A. Al Sannaa and A.J. Lazar). Furthermore, in all cases, 12q15/MDM2 FISH was performed as previously described (6) and showed the expected 12q15/MDM2 amplification. WDLPS and DDLPS tumor tissues and normal fat tissues were thawed on ice in NP-40 buffer (Boston BioProducts) containing cOmplete Protease Inhibitor Cocktail and phosSTOP tablets (Roche) and homogenized using the Next Advance Bullet Blender (speed 5; time, 5 min) and zirconium oxide beads (0.5 mm) according to the manufacturers' instructions. Cell lysates were collected and centrifuged for 15 minutes at 13,523 g to remove debris. The supernatant was collected and total protein concentration measured using the DC Protein Assay (Bio-Rad). jci. 
